We measured the homogeneity and stability of the magneticˆeld of a highˆeld (about 1.04 tesla) yokeless permanent magnet with 40-mm gap for high resolution nuclear magnetic resonance (NMR) imaging. Homogeneity was evaluated using a 3-dimensional (3D) lattice phantom and 3D spin-echo imaging sequences. In the central sphere (20-mm diameter), peak-to-peak magneticˆeld inhomogeneity was about 60 ppm, and the root-mean-square was 8 ppm. We measured room temperature, magnet temperature, and NMR frequency of the magnet simultaneously every minute for about 68 hours with and without the thermal insulator of the magnet. A simple mathematical model described the magnet's thermal property. Based on magnet performance, we performed high resolution (up to [20 mm] 2 ) imaging with internal NMR lock sequences of several biological samples. Our results demonstrated the usefulness of the highˆeld small yokeless permanent magnet for high resolution NMR imaging.
Introduction
Advantages of permanent magnets over superconducting magnets in nuclear magnetic resonance (NMR) and magnetic resonance (MR) imaging include their compactness, openness, and portability and that they do not require use of cryogens, but limited magneticˆeld strength and instability of eld strength are two major disadvantages. Magneticˆeld strength is limited to 2.0 tesla reported for MR imaging. 1 Such a high magnetiĉ eld was achieved using a yokeless magnet design originally proposed by Halbach 2 and high performance magnetic materials, such as Nd-Fe-B compounds. 3 Magneticˆeld instability is primarily attributable to the large temperature coe‹cient of residual magnetization of permanent magnetic materials (¿-1000 ppm/K for Nd-Fe-B compounds). 4 Although precise control of magnet temperature can improve stability, the poor thermal conductivity of Nd-Fe-B materials (¿7 W/m/K: about 1/60 that of Cu) makes this di‹cult, and openness of the magnet gap space is highly desired.
Moreover, the problem is much more serious for permanent magnets of small size. For permanent magnets of the same design, the heat capacity and surface area are proportional to the cube and square of the magnet's linear dimension (L), so the instability of the magneticˆeld caused by change in air temperature is inversely proportional to L.
In this study, we used thermal insulation of a yokeless permanent magnet and an internal NMR lock technique to solve the above problem and performed high resolution NMR imaging of several biological samples.
Materials and Methods

MR imaging system
We performed experiments using a home-built compact MR imaging system with a 1.04-T yokeless permanent magnet (Hitachi Metals Co., Tokyo, Japan) installed in a small o‹ce (¿15 m 2 ). We conducted measurements from October to November, when room temperature was not regulated.
The permanent magnet consists of a yokeless magnetic circuit made of Nd-Fe-B blocks, a stainless steel frame surrounding the blocks, and pieces of iron pole with small planar ferromagnetic disks for passive shimming. [5] [6] [7] Magnet speciˆcations are: eld strength, 1.04T; gap width, 40 mm; pole piece diameter, 96 mm; homogeneity, 2.1, 6.9, 19.4, and 49.5 ppm over 10-, 15-, 20-, 25-mm diameter spherical volume (DSV) when the magnet was shimmed in the factory; size, 238-mm width×252.4-mm height×184-mm depth; and weight, 85 kg (Fig. 1) . The magnet was thermally insulated on the outer surface with polyurethane foam slabs 30-mm thick and on the inner surface (gap space) withˆber-reinforced plastic (FRP) plates 2.0-mm thick.
Gradient coils were attached on the surface of the FRP plates. The axial gradient coil was designed using a genetic algorithm 8, 9 and the transverse gradient coils, using a targetˆeld approach. 10, 11 The gradient coils were wound using polyethylene-coated Cu wire of 0.4-mm diameter and stacked on the FRP plates. The e‹ciencies of the x,y, z gradient coils in the permanent magnet were 21, 21, and 58 mT/m/A, respectively. Two 6-turn solenoid radiofrequency (RF) coils (diameter, 30 mm, length, 35 mm; diameter, 25 mm, length, 25 mm) were used for measurements of phantoms and other specimens. The smaller coil was divided into 3 coil elements using 2 tip capacitors to minimize stray capacity.
We operated the MR imaging console using Windows XP (Microsoft, Seattle, WA, USA); controlled NMR image data acquisition using Sampler 6 software (MRTechnology, Tsukuba, Japan), which implemented ‰exible time-sharing internal NMR lock protocols; and performed the internal NMR lock protocol as follows. We digitally sampled the FID (Free induction decay) signal of the entire sample, calculated the frequency shift from its Fourier transformation, and used the frequency shift data to update the frequency of the direct digital synthesizer that generated the Larmor frequency. Although frequency resolution for the NMR lock can be selected ‰exibly, we used about 48.8 Hz resolution throughout the experiments.
Measurements of magneticˆeld homogeneity
We measured homogeneity of the magnet using a 3-dimensional (3D) lattice phantom and 3D spinecho (SE) imaging sequences. The phantom comprised 11 acrylic discs (diameter, 23.9 mm; thickness, 3.0 mm) with square trenches (width, Spatial coordinates of the vertex points of the square lattice in the 3D phantom images were detected semiautomatically using a graphical user interface program developed using Visual C＋ ＋ 2005 (Microsoft, Seattle, USA). [12] [13] [14] We calculated magneticˆeld strengths at the vertex points from positional shifts of the vertices along the readout direction in the images. 15 
Measurements of magneticˆeld stability
We simultaneously measured room temperature, magnet temperature, and NMR frequency of the magnet every minute for about 68 hours. We measured the temperature using small disc-shaped temperature data loggers (diameter, 17 mm; thickness, 6 mm; Thermocron type G, KN Laboratories, Inc., Osaka, Japan). The temperature resolution was 0.1 K. We measured the NMR frequency using an SE signal of a water phantom made of a spherical glass container (inner diameter, 8 mm)ˆlled with CuSO 4 water solution. The frequency resolution was about 24.4 Hz. We repeated the simultaneous measurements with and without polyurethane foam slabs used to insulate the magnet. 
Measurements of NMR signal stability
We measured NMR signal stability associated with change in magnet temperature using the spherical water phantom and a 2D SE sequence (image matrix, 512 2 ; slice thickness, 1 mm; pixel size, 40 mm 2 ; TR, 1000 ms; TE, 16 ms; NEX, 180; image acquisition time, ¿26 hours). We calculated magnitude and phase of the spin-echo signal.
High resolution imaging
To demonstrate the performance of the MR imaging system, we imaged several biological samples-an okra pod, small tomato, and live human middleˆnger-using 2D and 3D SE sequences including the NMR lock protocols. We used 2D SE sequences to image the okra (image matrix, 1024 2 ; slice thickness, 1 mm; pixel size, 20 mm 2 ; TR, 1000 ms; TE, 32 ms; NEX, 64; image acquisition time, ¿18 hours) and the tomato (image matrix, 512 2 ; slice thickness, 1 mm; pixel size, 40 mm 2 ; TR, 400 ms; TE, 16 ms; NEX, 256; image acquisition time, ¿15 hours). Because the NMR lock pulses were applied before every phase-encoding step, the NMR lock intervals were 64 s for the okra and 102.4 s for the tomato.
We used a 3D SE sequence to image the live human middleˆnger (image matrix, 256 2 ×32; voxel size, 80 mm 2 ×0.8 mm; TR, 200 ms; TE, 12 ms; NEX, 1; image acquisition time, ¿28 min). For an RF shield, we placed a grounded 1-mm thick Cu plate under the subject's palm, as described previously. 16 Because the internal NMR lock sequence was applied before every outer phase-encoding loop, the NMR lock intervals were 51.2 s. Figure 2 shows 2D slices selected from a 3D image dataset of the lattice phantom. Phase-encoding gradients (Gx and Gz) in the axial plane produced nonlinearity of the gradientˆeld and geometric distortion of the lattice in the axial image (Fig. 2a) . On the other hand, application of the readout gradient (Gy) along the axis of the phantom produced nonlinear gradientˆeld and inhomogeneous magneticˆeld that caused geometric distortion of the lattice along the axis in the sagittal image (Fig.  2b) . Reversing the readout gradient reverses the positional shift caused by the gradientˆeld, but that caused by magneticˆeld inhomogeneity is unchanged. Therefore, the inhomogeneous magnetiĉ eld can be calculated from the positional shifts measured using these images.
Results
Magneticˆeld homogeneity
In the central sphere (20-mm diameter), the peakto-peak magneticˆeld inhomogeneity was about 60 ppm and the root-mean-square, about 8 ppm. Figures 3a and b show magneticˆeld distribution in the central xy plane (parallel to the pole pieces) and the xz plane (perpendicular to the pole pieces) 7.0 mm from the center of the magnet. Figure 3a clearly shows that the central region of the magnet is very homogeneous. Figure 4a shows room and magnet temperatures measured for 68 hours with the thermal insulator of the magnet. Although long-term nearly constant increase in temperature (¿0.3 K/day) is superposed, this graph clearly shows that whole-day change in Figure 4b shows temporal change of the Larmor frequency of the water phantom measured for 68 hours with the thermal insulator of the magnet. This graph shows that the largest frequency drift is about 50 Hz/min or one ppm/min. Temperature distribution in the magnet is considered negligible because of the very high correlation (r＝-0.9945) between magnet temperature (Fig. 4a) and Larmor frequency (Fig. 4b) . Figure 5a shows room and magnet temperatures measured for 68 hours without the thermal insulator of the magnet. The magnet temperature clearly follows room temperature with some delay (approximately one hour). Figure 5b shows temporal change of the Larmor frequency of the water phantom measured for 68 hours without the thermal insulator of the magnet. The correlation between magnet temperature (Fig. 5a ) and Larmor frequency (Fig. 5b) was also very high (r＝-0.9795). Figure 6 shows the correlation between room and magnet temperatures measured without the thermal insulator of the magnet when delay time (t d ) between temperature measurements is chosen to maximize the correlation coe‹cient. When the correlation coe‹cient is maximized at t d ＝45 min, the magnet temperature (T m ) is described as:
Magneticˆeld stability
where T r is the room temperature. This equation clearly shows the smaller change in magnet than room temperature.
NMR signal stability Figure 7 shows the magnitude and phase of the spin-echo signal plotted against magnet temperature measured using the spherical water phantom for about 26 hours with the thermal insulator of the magnet. The variation of magnitude (¿5z) and phase (¿309 ) of the SE signal with temperature is caused by the sharp resonant property of the tank circuit used for excitation and reception of the NMR signal.
High resolution imaging
Figures 8 and 9 are 2D slices of the okra and small tomato. The NMR lock pulse was applied before every phase-encoding step (64-s interval for okra; 102.4, for tomato), with pixel bandwidths of 48.8 and 97.7 Hz. Figure 10 shows 2D slices selected from a 3D image dataset of the human middleˆnger. The internal NMR lock pulse was applied before every outer phase-encoding step (51.2-s interval), with pixel bandwidth of 195 Hz.
Discussion
Mathematical modeling of the thermal property of the magnet
As shown in the preceding section, magnet tem- perature changed periodically following room temperature. The amplitude of the periodic temperature change was about 25z with the thermal insulator of the magnet and 80z without the insulator. These values represent the e‹ciency of the thermal insulation and can be deˆned as a thermal insulation factor, h (1: no insulation, 0: perfect insulation), in this paper. The simple mathematical model following describes the magnet's thermal property. According to Newton's law of cooling, the thermal property of the magnet can be described as
where Q, T, and S are thermal energy, temperature, surface area of the magnet, and T r , a, and t are room temperature, heat transfer constant on the magnet surface, and time. If the heat capacity, C, of the magnet is constant over the region at room temperature, 
where Q 0 is thermal energy at T＝T 0 , some temperature near room temperature. Therefore, the above equation can be written as:
If T r changes sinusoidally, a steady solution can be easily obtained by setting
and T＝b sin (Vt＋q),
where V is the inverse of one-day time and q is the phase delay between changes in room and magnet temperature.
For the steady solution,
and
In the experimental condition,
as shown in the Appendix. From the above values, h＝0.77,
and q＝-18.69 ,
which corresponds to a delay of about 75 min. Because these values are near those obtained in the experiments, we believe this simple mathematical model can describe very well the magnet's thermal property.
EŠect of magneticˆeld drift on MR images
The Sampler 6 image data acquisition program is designed to insert the NMR lock pulse before any image acquisition loop, such as that for phase encoding or signal accumulation. Therefore, if the largest temperature drift of the magneticˆeld can be estimated, the interval of the NMR lock pulses should be determined so that the drift of the Larmor frequency between the NMR lock pulses is less than the pixel bandwidth. Because the largest temperature drift of the magneticˆeld observed with the thermal insulator of the magnet was about 50 Hz/min (Fig. 4b) , the interval of the NMR lock pulses should be determined using this value.
For image acquisition of the okra (Fig. 8) , the interval between NMR lock pulses was 64 s and the pixel bandwidth, about 48.8 Hz; for the tomato (Fig. 9) , the interval was 102.4 s and the bandwidth, about 97.7 Hz. Therefore, the image acquisitions of the okra and tomato nearly satisfy the above condition. For the humanˆnger (Fig. 10) , the interval between NMR lock pulses was 51.2 s and the pixel bandwidth, about 195 Hz, so this acquisition su‹ciently satisˆes the above condition.
Even if the NMR lock protocols followed the drift of Larmor frequency, there were variations of the magnitude and phase of the SE signal (Fig. 7) . Such variations produce a complex modulation of the k space data that slightly modiˆes the pointspread function along the phase-encoding direction. However, the modiˆcation is not so large compared with the drift of Larmor frequency.
The above discussion neglects Joule heat produced by the gradient coil because the average heat is less than one W in the experimental condition. However, if fast imaging sequences are performed, Joule heat should be considered as an important factor for drift of magneticˆeld.
High resolution imaging
High resolution NMR imaging requires high signal-to-noise ratio (SNR) per voxel and high homogeneity and stability of the magneticˆeld. In this study, we achieved high SNR using a high magneticˆeld (1.04T) and solenoid RF coil of small diameter. Passive shimming permitted homogeneity (Fig. 3) , and thermal insulation of the magnet and ‰exible NMR lock sequences eŠectively allowed stability. Therefore, the yokeless permanent magnet can be used for high resolution NMR imaging of small samples.
About ten years ago, we 17 have reported high resolution NMR imaging or MR microscopy using a very large (70×70×55 cm) and heavy (1.4 tons) permanent magnet, though the volume of the homogeneous region was almost identical (20-mm DSV). We have herein shown the remarkable advance in permanent magnet technology in the past decade, but controlling magnet temperature has become more di‹cult because of the much lighter weight and structure of the magnet gap.
Conclusion
We measured the magneticˆeld homogeneity and stability of a highˆeld yokeless permanent magnet for high resolution NMR imaging. Peak-topeak inhomogeneity in the central region (20-mm DSV) was 60 ppm and root-mean-square, 8 ppm. When the magnet was thermally insulated using polyurethane foam slabs in the small o‹ce, the largest Larmor frequency drift was about 50 Hz/min or one ppm/min. We carefully chose NMR lock intervals and pixel bandwidth based on the magnet's thermal property and successfully acquired high resolution NMR imaging of biological samples using the small yokeless permanent magnet.
